Background/Aims: Lentiviral vectors provide a promising strategy for the treatment of cardiovascular diseases, owing to their ability to govern efficient and durable gene transfer. However, relatively few studies have been addressed on restenosis after balloon or stent associated arterial injury. We previously found that CREB binding protein (CBP), a powerful transcriptional coactivator, regulated cell proliferation and apoptosis in vascular endothelial and smooth muscle cells. Therefore, we investigated whether inhibition of CBP by lentivirus-mediated small interfering RNA can reduce neointimal formation after arterial injury. Methods: The carotid arteries from Sprague-Dawley rats were injured by balloon catheter, followed by incubating with 100 μl lentivirus expressing CBP or negative control (NC)-specific short hairpin RNAs (shRNAs) or PBS solution for 30 minutes. The rats were euthanized for real-time PCR, Western blot, immunohistochemical staining, and morphometric analysis at 4 weeks after balloon injury and in vivo gene transfer. Results: Lentiviral shRNA targeting CBP markedly reduced CBP expression. Moreover, CBP siRNA showed potent inhibition on balloon injuryinduced Nuclear factor kappaB (NF-B) acetylation. Compared with controls, the significant decrease of neointimal formation by CBP siRNA was accompanied by reduced cell proliferation in the neointima of injured arteries. However, no changes in medial area were observed among these different groups. Interestingly, endothelial cell marker CD31 immunostaining and morphometric analysis both showed that CBP knockdown significantly accelerated reendothelialization. Conclusions: These findings suggest that CBP is involved in the control of neointimal formation and re-endothelialization via regulating NF-B acetylation. Lentivirus-mediated CBP silencing may represent a novel therapeutic approach for the prevention of restenosis after vascular interventions. 
Introduction
Percutaneous coronary intervention (PCI) is a widely used technique for the treatment of coronary heart diseases [1, 2] ; however, the subsequent restenosis may reduce the therapeutic effects and remain a serious clinical problem [3] . A large body of clinical and experimental studies have demonstrated that neointimal hyperplasia contributing to restenosis is triggered by complex biological responses, including inflammation, thrombosis, cellular proliferation, and extracellular matrix production [4] [5] [6] . Among these multiple factors, media-to-intima migration and proliferation of vascular smooth muscle cells (VSMCs) is the most critical step in the pathogenesis of neointimal formation [7, 8] .
In recent years, advances in antiproliferative pharmacologic agents and drug-eluting stents have dramatically reduced the incidence of restenosis [9] [10] [11] . Nevertheless, safety concerns have been raised that these antiproliferative therapies may also be associated with delayed re-endothelialization, hypersensitivity reactions, and late stent thrombosis [12, 13] . Therefore, novel strategies to prevent restenosis, which could selectively suppress VSMCs proliferation and enhance endothelialization are urgently needed. Encouragingly, gene therapy is emerging as a potential treatment option for patients with cardiovascular diseases [14] [15] [16] [17] .
CREB binding protein (CBP) was identified based on its ability to interact with the cAMP-regulated transcription factor CREB [18] . In fact, CBP and its close homologue p300, are widely expressed and play pivotal roles in all known cellular programs, such as cell growth, differentiation and apoptosis [19] [20] [21] . Accumulating evidence indicates that CBP not only possesses histone acetyltransferase activity [22, 23] , but also acts as a key transcriptional coactivator linking various sequencespecific transcription factors such as NF-B [24] , AP-1 [25] and p53 [26] , to regulate downstream genes expression [27] . Thus, the combination of these multiple functions could make it to be involved in the regulation of different signalling pathways, which have been attracting the attention of the scientific world.
Previous work from our laboratory has demonstrated that silencing of CBP gene expression by RNA interference potently inhibited thrombin-induced VSMCs proliferation in vitro [28] . Moreover, CBP was shown to support vascular endothelial cells (VECs) activation and apoptosis. However, the expression of CBP in the artery wall and its possible role in the development of intimal hyperplasia after vascular injury have not yet been determined.
In the present study, to test the hypothesis that CBP might participate in neointimal formation after balloon injury in vivo, we used lentivirus infection to deliver a specially designed small interfering RNA (siRNA) targeting CBP into a rat carotid arterial balloon-injury model and evaluated the effects of CBP gene silencing on neointimal hyperplasia. We demonstrated for the first time that lentiviral shRNA against CBP could efficiently attenuate neointimal formation without delaying reendothelialization, and the mechanism is involved with downregulation of NF-B acetylation. These results indicate that inhibition of CBP may provide a prospective strategy for the treatment of vascular diseases.
Materials and Methods

Construction and production of lentiviral vectors
Four siRNA sequences against the rat CBP gene (GenBank Accession No. NM_133381) were designed and synthesized by Genechem (Shanghai, China). A scrambled siRNA was used as a negative control. Sense siRNA sequences were as follows: siCBP 1, TAG TAA CTC TGG CCA TAG C; siCBP 2, GCA AAC AGA GCA TGG TCA A; siCBP 3, GAT GAT GGA AGA GGA TTT A; siCBP 4, CCA ATG GAA GTA GAA GAA A; siNC, TTC TCC GAA CGT GTC ACG T. ShRNAs were inserted into the HpaI and XhoI restriction enzyme sites of pFU-GW-iRNA lentiviral vector that driven by the U6 promoter and carrying the green fluorescent protein reporter gene, respectively. All constructs were confirmed by DNA sequencing. Among four CBP siRNAs examined, siCBP 2 was selected as the best performing siRNA for use in the next study. Lentivirus encoded shRNA against CBP and control were produced by cotransfecting 293T cells with the help of lipofectamine 2000 (Invitrogen) according to standard protocols. The Virus titers, measured in 293T cells transducing units per milliliter (TU/ml), were approximately 2×10 9 TU/ml.
Rat carotid artery balloon injury model and lentiviral transduction
Forty-eight male Sprague-Dawley rats weighing 350 to 400 g (Wuhan, China) were randomly divided into four equal groups (n=12). The animals were anesthetized with pentobarbital (30 mg/kg intraperitoneal) and subject to balloon catheter injury of the left common carotid artery as reported previously [29] . In brief, After intravenous injection of 100 U/ kg of heparin sodium, the left common, external and internal carotid arteries were exposed. The external carotid artery was partially cut at about 2 mm from the arterial bifurcation with microscissors. Meanwhile, blood flow was temporarily interrupted by ligation of the common and internal carotid arteries using microvascular clips. A balloon angioplasty catheter (balloon diameter 1.5 mm, balloon length 20 mm, Medtronic) was introduced through the external carotid cut into the common carotid artery. The balloon was then inflated and passed thrice with rotation to ensure uniformity of the extent of balloon injury. For lentiviral transduction, A 100 μl solution of lenti-CBP siRNA-GFP (1×10 8 TU/ml), lenti-NC siRNA-GFP (1×10 8 TU/ml) or PBS were respectively infused into the injured common carotid artery segment (about 2 cm in length) isolated by the two microvascular clips, and incubated for 30 min. After removal of this solution, the external carotid artery was ligated and blood flow through the common and internal carotid arteries was restored. The rats were euthanized at 4 weeks after balloon injury and lentiviral infection, and the tissues were harvested for specific protocols. Sham-operated controls underwent the same procedures, except balloon insertion. The experimental procedures and animal care were approved by the Animal Care and Use Committee of Wuhan University, and conformed to the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (NIH Publication No. 80-23).
Real-time RT-PCR
Total RNA was extracted from the carotid arteries with Trizol reagent (Invitrogen). Reverse transcription and real-time PCR were performed as described previously [28] . Total RNA was reverse-transcribed into cDNA, and real-time PCR was performed on the ABI Prism 7500 sequence detection system (PE Applied Biosystems) by using SYBR Green Realtime PCR Master Mix kit (TaKaRa, Japan) in accordance with the manufacturer's instructions. GAPDH was used for normalization, and data were analyzed using the 2 -Ct method. Primer sequences were as follows: CBP (NM_133381), forward: 5'-TGG AGA AGC ACA AGG AGG TC-3', reverse:5'-GCG GCG TAA GGA AGA GA AC-3'. GAPDH (NM_017008), forward: 5'-TTC AAC GGC ACA GTC AAG G-3', reverse: 5'-CTC AGC ACC AGC ATC ACC-3'.
Immunoprecipitation and Western blot analysis CBP and NF-B expression was examined by Immunoprecipitation and Western blotting in injured vessels transduced with or without lentiviral vectors. Rat common carotid arteries were homogenized with ice-cold lysis buffer, and then prepared for total and nuclear protein extraction as described [30] . The protein concentration was measured by the BCA protein assay (Pierce). For immunoprecipitation, anti-CBP or anti-NF-B p65 antibody (Santa Cruz) was coupled to protein A/G-agarose (Santa Cruz) beads and incubated with equal amounts of arterial protein overnight at 4°C. After the beads were washed, the immunoprecipitates were separated by SDS-PAGE on 6% polyacrylamide gels and then transferred to nitrocellulose membranes. Blots were probed with anti-CBP, anti-NF-B p65, anti-Acetyl (Lys310)-NF-B p65 (CST) or anti-GAPDH antibody (Santa Cruz) as an internal control, respectively. After washing, the protein bands were incubated with horseradish peroxidase-conjugated secondary antibodies and processed for ECL (Pierce) according to the manufacturer's instructions.
Morphology
Four weeks after the operation, the injured and control carotid arteries were harvested, fixed in 4% paraformaldehyde, and then embedded in paraffin. For morphologic analysis of neointimal formation, five round cross-sections (4 μm thickness) were cut from the approximate middle of the artery, stained with hematoxylin-eosin, photographed, and analyzed using ImagePro Plus 5.0 professional image analysis software. The intimal and medial cross-sectional areas of the carotid arteries were measured, and the intima/media ratios were also calculated.
Immunohistochemistry
Immunohistochemical staining was performed as we previously described [31] . Briefly, the carotid sections were incubated with anti-proliferating cell nuclear antigen (PCNA; Santa Cruz) or anti-CD31 (Abcam) antibody overnight at 4°C, followed by incubation with a horseradish peroxidaseconjugated secondary antibody (Santa Cruz) for 60 min at room temperature. PBS substituted the primary antibodies were used as negative controls. At last, colour development was achieved with diaminobenzidine, and hematoxylin was applied as a counterstain prior to cover-slipping. CD31 could be considered as a marker of vessel endothelialization. PCNA was used to quantify the proliferative activity of cells at the balloon injury sites. Data are represented as a PCNA labeling index (LI), defined as the percentage of total cells within a given area positive for PCNA.
Endothelial Regrowth
Endothelial regrowth was evaluated by Evans blue staining. Rats received an intravenous injection of 1% Evans blue dye solution (3 ml/kg; Sigma) 30 min before sacrifice. Harvested left common carotid arterial segments were cut longitudinally and placed between glass microscope slides. The stained/unstained area was determined via planimetry by using image analyzer software (Image-Pro Plus 5.0). The reendothelialized section was defined as the area unstained with Evans blue dye. All specimen were calculated by the same observer, who was blinded to the treatment allocation. The results are expressed as a percent of the total surface area of the harvested arterial segment.
Statistical analysis
All statistical analysis was performed with Statistical Product and Service Solutions 13.0 software (SPSS 13.0). The data were presented as mean ± SEM. Statistical comparison was carried out with three or more groups using one-way analysis of variance (ANOVA) followed by Student-NewmanKeuls post hoc tests. P<0.05 was considered significant.
Results
Efficiency of lentiviral transfection into carotid artery
To demonstrate the efficiency of siRNA delivery into the carotid arteries, lenti-CBP siRNA and lenti-NC siRNA were both labeled with GFP. Successful lentiviral transfection was evidenced by green fluorescence under confocal microscopy 4 weeks after injury (Fig.1) . However, only weak chromogenic reaction of the elastic lamina was observed in untreated and PBS control groups.
CBP siRNA transfection in vivo decreased CBP expression CBP mRNA and protein were both detected in carotid arteries subjected to vascular injury. After 4 weeks of balloon injury, CBP mRNA expression was significantly upregulated 2.6-fold as compared to sham group without injury. Delivery of CBP siRNA into the carotid arteries after injury could markedly decrease CBP mRNA expression by 49.6% (P<0.05, vs NC siRNA). NC siRNA had no inhibitory effect on the expression of CBP mRNA ( Fig. 2A) . As shown in Figure 2B , a similar pattern of expression was evident for CBP protein analyzed. Compared with lenti-NC siRNA group, lenti-CBP siRNA transfection greatly reduced CBP protein levels (0.36±0.06 vs 0.83±0.09, P <0.01) after balloon injury. However, there was no statistical difference between PBS and NC siRNA control groups.
CBP siRNA suppressed neointimal hyperplasia
Four weeks after balloon injury and lentiviral transfection, the degree of neointimal hyperplasia was evaluated morphologically and quantitatively (Fig.  3) . Lenti-CBP siRNA treatment significantly reduced the neointimal area compared with lenti-NC siRNA and PBS controls (0.108±0.008 mm 2 vs 0.252±0.016 mm 2 or 0.238±0.022 mm 2 , P both <0.05, Fig. 3B ). The intima / media ratio was also markedly less in lenti-CBP siRNA transfected arteries (0.706±0.062) than in lenti-NC siRNA transfected (1.497±0.137, P<0.05, vs CBP siRNA) and PBS treated arteries (1.483±0.136, P<0.05, vs CBP siRNA) (Fig. 3D) . No significant difference in the medial area was observed among all groups (Fig. 3C) .
Effect of CBP siRNA on NF-B acetylation
To study whether CBP siRNA has any direct effect on NF-B acetylation, the Western blot analysis was performed. Our data showed balloon injury induced significant NF-B p65 acetylation and activation in the injured carotid arteries. Lenti-CBP siRNA treatment resulted in a 39.3% and 43.7% reduction of NF-B p65 acetylation in lenti-NC siRNA transfected and PBS treated arteries, respectively (P both<0.05). However, CBP siRNA was not capable of suppressing its nuclear translocation caused by balloon injury (P>0.05, Fig. 4) . Effect of CBP siRNA on cell proliferation Cell proliferation in the neointima and media of injured arteries was examined by immunostaining for PCNA. Treatment with lenti-CBP siRNA induced a significant reduction in the percentage of PCNA -positive cells in the neointima compared with lenti-NC siRNA and PBS treated control groups (6.1±1.0% vs 14.9±4.1% and 17.3±5.2%, respectively, P both<0.05) (Fig. 5) . However, there was no significant difference in the media among the three groups (data not shown).
Effect of CBP siRNA on re-endothelialization
To investigate if CBP gene silencing promotes endothelial growth at 4 weeks after balloon injury, the endothelial cell marker (CD31) immunostaining and Evans blue analysis were performed. As shown in Figure 6A , CD31 positive immunostaining was observed along the luminal surface of the vessel wall. The CD31+ cellcovered area to the total length of luminal surface in lenti-CBP siRNA treated group was significantly greater than in the lenti-NC siRNA and PBS group (P<0.05). Consistent with the immunostaining findings, Evans blue staining also demonstrated that CBP silencing could significantly accelerate re-endothelialization after catheter injury (Fig. 6B) . Compared with lenti-NC siRNA and PBS controls, the extent of re-endothelialization was increased 43% and 26% in lenti-CBP siRNA treated group, respectively (P<0.05).
Discussion
The present results clearly demonstrated that transduction of CBP shRNA into balloon-injured carotid arteries by lentivirus infection decreased CBP protein expression, and markedly suppressed neointimal formation. More importantly, CBP knockdown could enhance re-endothelialization after balloon catheter injury. These observations suggest that CBP might play an important role in the development and progression of neointimal hyperplasia after vascular injury, and lentivirus mediated gene therapy would be an attractive means for the prevention of vascular disease.
Current evidence has shown postangioplasty restenosis is still a major problem in spite of the development of drug-eluting stents [9, 10] . Thus, gene therapy, an applied form of biotechnology, has gradually become feasible. Choosing the correct vectors and suitable genes is probably the most critical for gene therapy applications [32] . In our study, the lentiviral vectormediated gene delivery system can efficiently deliver CBP siRNA into injured vessels, and that the effects are durable. At 4 weeks after lentiviral transfection, the strong green fluorescence was still detectable in all the arterial layers. In fact, a number of different viral systems such as retroviruses, adenovirus and adeno-associated virus have been commonly employed for in vitro and in vivo gene transfer [33, 34] . However, lentivirus as a subgroup of retroviruses, has several advantages over other viral or nonviral gene delivery systems [35] . It is able to infect both dividing and non-dividing cells, integrate into the chromosome of host cells and provide stable, long-term gene expression [36] . The above superior properties make lentiviral vector to be the optimal candidate for efficient cardiovascular gene therapy. We presume that lentivirusmediated long-lasting expression of gene in the vascular wall could compensate the limitation of other viral vectors mediated transient gene transfer. Of course, our data gave us enough confidence that the hypothesis was right. In addition to an effective gene delivery system, appropriate target gene is the second important element for vascular gene therapy. Numerous studies have identified a lot of therapeutic genes, including tissue inhibitors of matrix metalloproteinases (TIMP-3) [37] , nitric oxide synthase (NOS) [38] and p53 [39] , which are key to neointimal formation. However, these genes could only regulate one factor contribute to restenosis following balloon dilation. CBP is known to be a powerful transcriptional coactivator, which works as functional integrators of numerous signal transduction pathways because diverse transcription factors compete for limiting amounts of CBP [24, 40] . Previous studies have described that CBP mediates both negative and postive cross-talk between different signalling pathways [27] . Moreover, CBP could also play distinct biological functions in different enviroments and cell types. Thus, tight control over the protein level of CBP is essential for preventing the development and progression of human diseases. Although the implication of CBP/p300 in some tumorigenesis has been recognized [41] , very little has been achieved in the area of cardiovascular system. In this study, we focused on the effect of CBP on neointimal formation induced by balloon catheter injury. Our results showed that CBP was expressed in normal arterial walls, and that it was upregulated significantly after balloon injury. Meanwhile, CBP gene silencing led to a substantial inhibition effect on cells proliferation and intimal thickening. These results revealed that CBP was indeed a potential intervention target for gene therapy in cardiovascular system diseases.
Another major finding of the present study was that CBP siRNA accelerated endothelial regrowth after balloon-induced arterial injury. At 4 weeks after injury, re-endothelialization of balloon-injured arterial segments in the CBP siRNA group was significantly higher. To date, a considerable amount of strategies have successfully been investigated and employed at the treatment of neointimal formation; however, the associated delay in endothelialization may reduce the therapeutic benefit. Our data indicates that CBP knockdown plays dual roles in the treatment and prevention of restenosis.
In this study, we have also investigated the underlying mechanisms of how CBP silencing inhibits neointimal formation and promotes re-endothelialization. NF-B, as an important transcriptional factor, was regulated by CBP. The activation of NF-B in the vessel wall after arterial injury has been established by several reports [42, 43] , which could contribute to neointima formation and delayed re-endothelialization. After translocation into the nucleus, NF-B physically interacts with CBP. In addition to CBP's ability to acetylate histones, it is also able to acetylate other proteins like transcription factors and coactivators. Previously, CBP and p300 have been shown to mediate inflammatory responses, which it achieves in part by acetylating NF-B [44] . NF-B could be acetylated at multiple lysine residues by CBP [45] . Acetylation of these residues may lead to enhanced NF-B p65 transcriptional activity. Thus, the limiting CBP may efficiently regulate NF-B activity. Our data clearly demonstrated that CBP silencing markedly suppressed balloon injury-induced NF-B p65 acetylation without changing its nuclear translocation.
In summary, results from this study provide the first evidence that lentivirus-mediated RNAi targeting CBP attenuates neointimal formation and promotes reendothelialization in balloon injured rat carotid artery, which may be mainly ascribed to downregulation of NF-B acetylation. We believe that CBP represents a powerful, new multifunction protein that provides a potential target for the treatment of occlusive vascular diseases.
